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Abstract 
The Shenhua Group of China, as the largest coal production and sales corporation in the world, has built a 100,000 tons-per-year 
CCS demonstration project in Ordos. In the previous thermal modelling of the CO2 injection well in the Ordos CCS project, it 
was found that, in the well-logging data, there was a CO2 temperature drop of around 5 oC in the wellbore at the depth of 2285 m. 
It turned out that there was a strong non-homogeneity at the depth of 2285 m as the reservoir was a coal seam there. The 
abnormal initial pressure, permeability and porosity of the coal seam provided the reservoir conditions for a strong Joule-
Thomson cooling effect of CO2 when entering the coal seam, which corresponded to a sufficient cold source. Joule-Thomson 
cooling effect has been well known as a potential phenomenon when CO2 is injected into a depleted oil and gas reservoir, causing 
potential damages of fracturing due to thermal stresses. In this paper, a two-dimensioned model was developed considering the 
reservoir-specific parameterizations, and the actual injection conditions with a flow allocation of different reservoir strata, to 
obtain the abnormal temperature distribution in saline aquifer. The sensitivity analysis of Joule-Thomson cooling to the reservoir 
permeability was conducted to search for a most possible condition for strong J-T cooling.   
© 2013 The Authors. Published by Elsevier  Ltd.  
Selection and peer-review under responsibility of GHGT. 
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1. Introduction 
Injecting CO2 into a target reservoir for geological sequestration is a promising solution for greenhouse gas 
control [1-2]. In recent years, China has paid active attentions on Carbon Dioxide Capture, Utilization and Storage 
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technology, and the investigation results indicate that the deep saline aquifer with a large storage capacity is the 
main storage site of CO2 in China. The Shenhua Group of China, as the largest coal production and sales corporation 
in the world, has built a 100,000 tons-per-year CCS demonstration project in Ordos, China.  
In the previous thermal modelling of the CO2 injection well in the Ordos CCS project conducted by our research 
group, it was surprisingly found that, in the well-logging data, there was a CO2 temperature drop of around 5 oC in 
the wellbore at the depth of 2285 m, while CO2 pressure was continuous at this depth (Fig. 1). Efforts have been 
made to interpret this sudden temperature drop in the wellbore by comparing with the geological structure data 
acquired by the 3D seismic, referring to the reservoir parameters such as the permeability and the porosity of each 
layers acquired by core analysis, as well as searching the possibility of cold source existence at the depth of 2285 m 
in or near the wellbore. It turned out that there was a strong non-homogeneity at the depth of 2285 m as the reservoir 
was a coal seam with a total depth of around 40 m there. The abnormal initial pressure, permeability and porosity of 
the coal seam provided the reservoir conditions for a strong Joule-Thomson cooling effect of CO2 when entering the 
coal seam, which corresponded to a sufficient cold source at the reservoir inlet and thus led to a temperature drop in 
the wellbore at the same depth.  
 
Fig. 1. Comparison between numerical results and well-logging data in Ordos CCS Project [3]. 
Joule-Thomson cooling, which means the temperature drop raised by the isenthalpic expansion of real gases from 
a high pressure to a low pressure, has been well known as a potential phenomenon when CO2 is injected into a 
depleted oil and gas reservoir, causing potential damages associated with formation of hydrates, freezing of residual 
water and fracturing due to thermal stresses [4-6]. Oldenburg [4] presented a highly idealized one-dimensional radially 
symmetric model using TOUGH2/EOS7C module for CO2–CH4–H2O mixtures to illustrate the potential 
temperature and pressure drop of CO2 when entering the highly idealized depleted natural gas reservoir. The results 
showed that lower permeability increased Joule-Thomson cooling while lower porosity decreased it for a system 
with constant-rate injection. Mathias et al. [5] then developed a simple analytical solution by assuming steady-state 
flow and constant thermophysical properties such as constant Joule-Thomson coefficient of CO2 to model the 
constant injection rate condition. The results indicated that for cold formations (<20 oC), Joule Thomson cooling 
might cause hydrate formation where initial reservoir pressures were as high as 6 MPa. Ziabakhsh-Ganji and Kooi [6] 
presented a model with the same 1D radial geometry and injection conditions of Oldenburg [4], in order to 
investigate the influence of CO2 impurities on the Joule Thomson cooling in the depleted gas reservoirs. Results 
showed that the Joule Thomson cooling effect depended on the gas species and operational injection conditions, and 
co-injection of SO2 seemed an option to suppress Joule Thompson cooling. Ziabakhsh-Ganji and Kooi also pointed 
out the necessity of consideration of reservoir-specific parameterizations and 2-D or 3-D geometries. For CO2 
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storage in saline aquifers, Bielinski et al [7] presented a 2D model using the non-isothermal multi-phase numerical 
simulator MUFTE-UG to investigate the possibility of using temperature measurement for CO2 monitoring, and 
concluded that in the case of CO2 entering saline aquifer, a weak Joule-Thomson effect with a temperature decrease 
of a few degrees is expected. André et al. [8] developed a coupled thermal, hydrologic and chemical 2D model using 
TOUGHREACT simulator to investigate the thermal impact of CO2 injection into a carbonate saline reservoir. It 
was found that Joule-Thomson effect is minor with a magnitude of the temperature drop of less than 1-2 oC after 
injection of 300 days due to the low Joule-Thomson coefficient at the temperature and pressure of the reservoir 
studied.  
However, all the previous studies focused only on an idealized radial one-dimensioned depleted oil or gas 
reservoir with two idealized injection conditions namely constant-pressure injection and constant-rate injection.  
In this paper, a two-dimensioned model was developed considering the 2D geometries of both wellbore axial 
direction and reservoir radial direction, the reservoir-specific parameterizations, and the actual injection conditions 
with a flow allocation of different reservoir strata according to the actual Ordos CCS project. This model had 
advantages in evaluating not only the detailed Joule-Thomson cooling in the reservoir, but also the influence of 
Joule-Thomson effect to the temperature distribution in the wellbore and the cement, as well as the associated 
thermal stress and cracking risk of the cement. The temperature drop in the well-logging data of Ordos CCS project 
proved the existence of Joule-Thomson cooling, and both the well-logging data and the 2D model motivated the 
investigation about the reservoir conditions where Joule-Thomson cooling was most likely to occur. Therefore, the 
model was applied to analyse the sensitivity of Joule-Thomson cooling to the reservoir permeability. 
2. Numerical approach 
2.1. Physical model   
 
Fig. 2. Schematic diagram of the 2D model. 
Table 1. Perforation distribution and corresponding reservoir condition. 
Perforation number Depth (m) Permeability (mD) Porosity (%) 
Perforation 1 2204.6 to 2208.2 5 12.2 
Perforation 2 2243.6 to 2247.8 5.7 12.5 
Perforation 3 2271.2 to 2275.6  4.5 11.3 
Perforation 4 2285.0 to 2287.0 0.5, 5 3.6 
Perforation 5 2406.2 to 2453.0 2.3 5 
Fig. 2 shows the schematic diagram of the 2D model considering CO2 tubing with a diameter of 124 mm, casing 
with a thickness of 10 mm, cement with a thickness of 40 mm and five layers of perforation according to the actual 
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wellbore completion in Ordos basin. The model was from the depth of 2200 m to 2500 m to capture the temperature 
drop at the depth of 2285 m, and the maximum radius was set to 500 m. The depth of perforation layers, 
corresponding reservoir permeability and porosity were shown in Table 1. CO2 was injected into the tubing at 53 oC 
and 23.68 MPa, with a mass flow rate of 0.135 Kg/s. The temperature of reservoir top and bottom were respectively 
53 oC and 60 oC initially. 
2.2. Governing equation, grid generation and properties 
The numerical modelling was performed using the commercial computational- fluid-dynamics (CFD) codes, 
FLUENT in ANSYS 13.0. FLUENT uses finite volume method to discretize and solve continuity, momentum and 
energy equations [9].The governing equations in two-dimensional axisymmetric coordinate system for unsteady flow 
and heat transfer are the same with the previous model [3,9].In the model, the equations were solved in the pressure 
based segregated solver. Pressure and velocity was coupled by the Coupled algorithm. The Green-Gauss Cell Based 
gradient scheme was used for spatial discretization. All other terms were discretized by the Second Order Upwind 
scheme. The residual convergence criteria for all the equations were 1 × 10-5 with the time step size of from 0.0001 s 
to 60 s for the transient simulations. 
Quadrilateral grids were generated using commercial software Gambit 2.3 in the model. The tubing, perforation 
and reservoir were set to fluid zones where CO2 could enter, while the casing and cement without perforation were 
solid zones where only heat transfer existed. As can be seen from Fig. 3, the grids near the tubing and in the 
perforation layers were refined to capture the accurate CO2 flow and heat exchange. The total grid number was 
98826. 
 
Fig. 3. Grid distribution of the model. 
The density of CO2 was calculated by the PR equation [10], and the specific heat of CO2 was calculated through 
the departure-function method. The thermal conductivity and viscosity of CO2 were calculated by piecewise 
polynomial fitting using the data from NIST [11].The properties of rock, casing and cement could be found in Table 2. 
Table 2. Solid properties. 
Solid  Density (kg/m3) Heat capacity (J/kgЬK) Thermal conductivity (W/mЬK) 
Rock 2600 1000 2.2 
Casing 7800 500 45 
Cement 2500 100 0.9 
2.3. Boundary conditions and calculation procedure 
The CO2 inlet was mass flow inlet with flow rate of 0.135 Kg/s and temperature of 53 oC. The CO2 outlet at 
radius of 500 m was set to maintain at the linear pressure distribution from 23.68 MPa to 25.3 MPa. The top and 
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bottom of the reservoir, cement and casing were wall with temperature of 53 oC and 60 oC respectively. The 
temperature drop occurred at the depth of 2285 m (perforation 4), therefore, an initial abnormal pressure of 5 MPa 
less than the linear normal local pressure was assumed in the coal seam from the depth of 2285 m to 2350 m to 
investigate the potential transient Joule-Thomson cooling effect when high pressure CO2 was injected to a relatively 
low pressure reservoir.  
3. Simulation results and discussions 
3.1. Initial pressure and temperature distribution before injection 
According to the calculation procedure in section 2.3, the initial abnormal pressure distribution and linear 
temperature distribution were shown in Fig. 4. 
 
(a) 
 
(b) 
Fig. 4. Initial reservoir condition: (a) pressure distribution; (b) temperature distribution. 
3.2. Joule-Thomson cooling effect with different reservoir permeability  
Pressure and temperature response when high pressure CO2 enters the relatively low pressure reservoir layer are 
shown in Fig. 5. It can be found that the pressure difference motivates CO2 to be inhaled into this layer, leading to a 
pressure drop near the inlet of the reservoir and a larger pressure decline at the corresponding axial location. Due to 
Joule-Thomson cooling effect, which can be described as Eq. 1, CO2 temperature at the reservoir inlet and the 
corresponding axial location also declines (Fig. 5 (b)). It should be indicated that due to the gravitational effects, 
CO2 will firstly be inhaled from the bottom of the inlet into the reservoir, therefore, the most dramatic Joule-
Thomson cooling effect and the lowest temperature are located at the bottom of reservoir inlet.    3
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It can be seen that the reservoir permeability influences the specific values of pressure and temperature drop. The 
lowest pressure and temperature get lower with the increase of the reservoir permeability. When the reservoir layer 
permeability are 0.05 mD, 0.5 mD and 5 mD, the lowest pressure at the axis are around 18.5 MPa, 18 MPa and 17.5 
MPa respectively, and the lowest temperature at the inlet of the reservoir are around 40 oC,34 oC and 20 oC 
respectively. It can be interpreted to be due to the stronger CO2 inhalation and mass flow into this reservoir layer 
because of larger permeability and smaller flow resistance. This phenomenon is opposite to the conclusion of 
Oldenburg [4], who pointed out that lower permeability increased Joule-Thomson cooling with constant-rate 
injection condition. In fact, the conclusion was based on a one-dimensional radial model, where all CO2 mass was 
forced to flow into reservoirs with different permeability at the same mass flow rate. The absence of flow allocation 
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in different layers led to a larger Darcy pressure decline and larger temperature drop when entering a less permeable 
reservoir. However, in a 2D or 3D reservoir of closer to the reality, less CO2 mass will enter the less permeable layer, 
resulting in a smaller pressure drop and smaller temperature drop associated with stronger thermal supplement from 
the reservoir in smaller flow rate. This indicates the necessity of consideration of a 2D or 3D model for more 
detailed investigation. 
 
Permeability=0.5 mD 
 
Permeability=5 mD 
(a) Pressure distribution 
 
Permeability=0.5 mD 
 
Permeability=5 mD 
(b) Temperature distribution 
Fig. 5. Pressure and temperature distribution of CO2 in the layer with abnormal initial pressure with different permeability (injection time=10 s) 
Along the tubing axis, CO2 has a pressure drop of around 7 MPa and a temperature drop of around 8 oC at 2285m. 
This temperature drop is larger than that in the well logging data (Fig. 1, 5 oC) due to the assumed initial abnormal 
pressure distribution and the permeability of the reservoir. However, these results provide the first step to search the 
possibility of Joule-Thomson cooling effect in a 2D saline aquifer reservoir. In summary, the following conditions 
will lead to the dramatic Joule-Thomson cooling effect in the tubing and in the 2D or 3D realistic saline aquifer: 
x Relatively low initial reservoir pressure 
x Relatively large permeability of a certain reservoir layer 
x The influence of reservoir porosity also needs investigation 
In Ordos CCS project, the coal seam is most likely to have a large permeability due to the loose structure and a 
relatively low initial pressure due to the absence of gas and water, thus resulting in a strong Joule-Thomson cooling. 
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The temperature drop at the axis brings difficulties of well logging interpretation and potential cracks due to thermal 
stresses. This phenomenon needs more investigation in the future.   
4. Conclusion 
A temperature drop of around 5 oC in the wellbore at the depth of 2285 m was found from the well-logging data 
of Ordos CCS project in China, which indicated the existence of Joule-Thomson cooling effect in saline aquifer. A 
two-dimensioned model was developed considering the reservoir-specific parameterizations, and the actual injection 
conditions with a flow allocation of different reservoir strata. Results show that with the initial low pressure 
distribution, CO2 will be inhaled into the bottom of the layer due to gravity and pressure difference, leading to a 
temperature drop both at axis and at the layer inlet. In the case studied, CO2 has a pressure drop of around 7 MPa 
and a temperature drop of around 8 oC at 2285m. With the increase of layer permeability, the temperature gets lower 
due to larger mass involved.  
Acknowledgements 
This project was supported by the National Key Technology R&D Program (Grant No. 2011BAC08B02), 
Beijing Higher Education Young Elite Teacher Project (YETP0092), and the international S&T cooperation project 
of China (No. 2013DFB60140). 
References 
[1] IEA. CO2 Capture and Storage: A Key Carbon Abatement Option. OECD/IEA, Paris, 2008a. 
[2] IEA. Energy Technology Perspectives 2008–Scenarios and Strategies to 2050. OECD/IEA, Paris, 2008b. 
[3] Jiang PX, Li XL, Xu RN, Wang YS, Chen MS, Wang HM, Ruan BL. Thermal modeling of CO2 in the injection well and reservoir at the 
Ordos CCS demonstration project, China. International journal of greenhouse gas control 2014; 23: 135-146. 
[4] Oldenburg CM. Joule-Thomson cooling due to CO2 injection into natural gas reservoirs. Energy Conversion and Management 2007; 48: 
1808-1815. 
[5] Mathias SA, Gluyas JG, Oldenburg CM, Tsang CF. Analytical solution for Joule–Thomson cooling during CO2 geo-sequestration in depleted 
oil and gas reservoir. International Journal of Greenhouse Gas Control 2010; 4: 806-810. 
[6] Ziabakhsh-Ganji Z, Kooi H. Sensitivity of Joule–Thomson cooling to impure CO2 injection in depleted gas reservoirs. Applied Energy 2014; 
113: 434-451. 
[7] Bielinski A, Kopp A, Schütt H, Class H. Monitoring of CO2 plumes during storage in geological formations using temperature signals: 
Numerical investigation. International Journal of Greenhouse Gas Control 2008; 2: 319-328. 
[8] André L, Azaroual M, Menjoz A. Numerical simulations of the thermal impact of supercritical CO2 injection on chemical reactivity in a 
carbonate saline reservoir. Transport in porous media 2010; 82: 247-274. 
[9] ANSYS 13.0 Help, 2010. ANSYS, Inc. 
[10] Peng DY, Robinson, DB. A new two-constant equation of state. Ind Eng Chem Fund 1976; 15: 59-64. 
[11] NIST Chemistry WebBook: http://webbook.nist.gov/chemistry/. 
 
 
 
